This paper investigates the possibilities of using carbon fiber as an inductor material by analyzing its inductive properties. Various shapes such as rectangular, spiral, helical, and cylindrical line structures have been simulated under various constraints using simulation software. Hardware implementations were also tested and both simulation and hardware results show that carbon fibers have the potential to replace copper inductor lines. The implemented spiral inductor produced a quality factor of 40 while producing an inductance of 4 nH at 1.2 GHz frequency.
Introduction
Inductor, a critical passive circuit element, is extensively used in analog signal processing circuits. Inductors designed using copper wires are found to be bulky in nature and also result in significant losses. With the recent advancement in MEMS technology, the size and performance of inductors have become a major factor in analyzing the efficiency of low-power, high frequency circuits. This calls the need for realization of inductors of very small sizes [1] [2] [3] [4] [5] . Along with the difficulties of fabricating such small inductors comes the formidable challenge of designing them to electrical specifications. In contrast, carbon fibers are light-weight, corrosion resistant material consisting of fibers about 5 to 10 m in diameter. This analysis queers the disadvantages of copper inductor and provides insights that could potentially open up new applications using carbon fiber.
Inductors are one of the bulk devices which limit the performance in most of the electronic circuits. During the 19th century micro-electro-mechanical inductors played an important role in replacing conventional copper inductors, since the power consumption of the later is higher due to the high current density. As an example the maximum current density of twenty turns of 16 AWG (American Wire Gauge) inductor with 26 mm 2 diameter will be about 275 A/cm 2 . Microscale inductors have been investigated by several researchers, and it has been proved that they can be superior to conventional copper inductors [6] [7] [8] [9] [10] . However, these investigations have also revealed that phenomena such as the skin effect, proximity effects, eddy current losses, large power consumption, and electric field penetration into the substrate degrade the performance of on-chip inductors at high frequencies. The primary challenge in designing on-chip inductor with high quality factor is reducing the substrate losses and series resistance of inductors [11] . micro-electromechanical (MEM) inductors, with the advanced micromachining techniques, such as Bipolar and CMOS processes, offer high ohmic resistance and confine the substrate losses. On the other hand, to reduce the series resistance, postprocessed Cu inductors are suggested [12] . To improve the quality factor of the on-chip inductor several approaches have been proposed [13] [14] [15] .
Advances in Materials Science and Engineering
Carbon fibers are strands of conductor embedded in a nonconductive epoxy. This configuration nearly eliminates eddy currents, which otherwise would reduce conductivity limiting it to the surface, thus making it highly conductive at high frequencies. Without eddy currents, the area available for conduction in carbon fiber is much thicker than for a similar amount of copper. The reason for high conductivity of carbon fibers is due to large skin depth. Carbon fibers have ultra high modulus around 1000 GPa and low mass. It offers great flexibility in terms of tuning thermal and mechanical properties through the orientation and number of layups of the fibers. It has many outstanding properties such as high intensity, high modulus, high heat endurance, creep resistance, fatigue endurance, corrosion resistance, and small coefficient of thermal expansion. The internal structure of carbon fiber can be changed by processing under different temperatures so as to change its thermal conduction, thus making it a suitable material for use in aviation and aerospace [16] . Analysis of thermal conductivity of carbon fibers using infrared imaging technology provides a pseudocolour image which describes its temperature distribution. The result of the analysis showed that, initially, there is a rapid increase in the temperature of the material. With time extension, the temperature tends to become mild and gradually stable.
Highly conductive metal materials are the best shielding materials for reflecting and absorbing electromagnetic waves. But they are bulky in nature, difficult to process, expensive and have a tendency to corrode. In contrast, lightweight and anticorrosive properties of polymer materials are extremely suitable for electronic equipment. However, most current polymer materials are not conductive and have no electromagnetic shielding effectiveness. The addition of a conductive filling to polymer material increases the load transfer ability, so that the material can rapidly conduct a load and provide the shielding ability against electromagnetic waves [6] . In addition, the distance of electronic transmission can be shortened, which in turn increases the electromagnetic shielding effectiveness of this kind of composite film prepared by composite filling materials. The electromagnetic shielding effectiveness can appear well within the frequency range of 50 MHz-1.5 GHz.
A design methodology has been developed to analyze the various properties of carbon fiber inductors using existing simulation software-COMSOL Multiphysics and High Frequency Structural Simulator (HFSS). A spiral inductor formed using carbon fiber has been implemented in resonant and amplifier circuits. Practical measurement of inductance was carried out by extracting "S" and "Y" parameters using Network Analyzer. The results show that carbon fibers have the potential to replace conventional inductors.
Inductor and inductive devices formed of a conductive loaded resin-based material is a combination of conductive fibers (nickel plated carbon fiber, silver, or copper) and micron conductive powders (carbon or graphite) [17] . These powders create an additional low level electron exchange when used in combination with the fibers, thus producing further electrical conductivity. The use of such inductors reduces the cost of manufacturing process. These inductors can be molded into infinite shapes using conventional forming methods such as injection molding or extrusion process and exhibit excellent thermal dissipation characteristics. The molded fibers provide resistivity ranging between 5 and 25 ohms per square. Resistivity of the inductors can be varied by varying the doping parameters or by selecting a suitable resin.
The study of properties of carbon fiber reinforces that inductor design using carbon fiber is found to be more efficient than copper. This can be inferred from the properties listed in Table 1 .
Analysis and Inference of Carbon
Fiber Inductor
Small Signal Analysis of Carbon Fiber Inductor.
The small signal analysis of an inductor is based on the principle that if an inductor's magnetic material is nonlinear, then the inductance depends upon the current passing through it [16] . The simulation is performed on a model inductor with a nonlinear magnetic core that shows a changing inductance when the current increases. The small signal inductance has been investigated as a function of current through the inductor using the structure shown in Figure 1 . The module used is 2D axisymmetric space dimension-AC/DC module. The geometry consists of a magnetic iron core with carbon fibers wound over it. The operating frequency is set at 10 kHz.
The small signal inductance is plotted versus the DC bias current and is shown in Figure 2 . For low DC voltages the inductance is maximum (23 mH), and when the voltage increases the inductance of the proposed test geometry decreases to 11 mH. The inductance drops to zero as a consequence of the saturation of the core. The saturation can be visualized by plotting the relative permeability of the iron core ( Figure 3 ).
Mutual Inductance.
The mutual inductance between a primary and secondary single turn carbon fiber coil in a concentric coplanar arrangement is computed using a DC (steady-state) model [2] . The induced current in the secondary coil is computed using an AC (frequency-domain) Advances in Materials Science and Engineering Figure 1: Geometry profile of the inductor which is used to study the small signal analysis where the domain radius is 3 cm, inductor length is 2 cm, core radius is 5 mm, coil outer radius is 10.5 mm, and the coil inner radius is 7.5 mm; 1 represents the air domain; 2 and 3 represent the magnetic core and thickness of the coil, respectively. analysis. The relationship between the AC induced currents and the DC inductance has been discussed in the following sections.
A current of 1 Ampere flows through a single turn coil of radius 1 = 100 mm ( Figure 4) . A secondary coil, 2 = 10 mm, is concentric with the primary and in the same plane. The coils are modeled in the 2D axisymmetric space dimension.
In the limit as 1 ≫ 2 , the analytic expression for the mutual inductance between the two coils is where is mutual inductance, 0 is permeability in free space, 1 is radius of a primary coil, and 2 is radius of a secondary coil.
The two concentric coils are modeled in a 2D axisymmetric sense, as shown schematically in Figure 5 .
DC Analysis.
The modeling domain is surrounded by a region of infinite elements, which is a way to truncate a domain which stretches to infinity. Although the thickness of the infinite element domain is finite, it can be thought of as a domain of infinite extent. The coils are both modeled using the Single Turn Coil Domain feature, which can be thought of as introducing an infinitesimal slit in an otherwise continuous torus. The Single Turn Coil feature can be used to excite the coil, to represent the open circuit case and the closed torus case, and to model an external load. The primary coil is excited by specifying 1 A of current.
The DC magnetic flux is plotted in Figure 6 . The mutual inductance is evaluated using the line integral approach of the magnetic flux, as well as the point integral of the magnetic vector potential. The value of is found to be 1.978 nH. 
Open Circuit Case.
To model the open circuit case, the current through the coil is specified to be 0 A, which specifies that there is no current flowing through the coil. The Single Turn Coil Domain feature will introduce a coil voltage that causes no current to flow. The average of the induced currents over the cross section is zero; that is, there is no net current flow through the coil. Since the Single Turn Coil Domain computes the loop potential, this voltage induced across the coil can be used to compute the mutual inductance which is given as follows:
where is coil voltage, is induced current, is frequency of the coil, and is current flow in the coil. The computed mutual inductance is found to be 1.973 − 0.004 nH. The small imaginary component is due to the capacitive effects. Figure 7 shows the induced current flow in the coils during open circuit case.
Closed Circuit Case.
On the other hand, to model the closed circuit case, the voltage drop across the coil is fixed at 0 V. Although this seems to imply a short circuit, the reactance of the copper coil is inherently included, so the case being modeled is analogous to a closed continuous loop of wire.
The skin effect is clearly visible; the current is being driven to the boundaries of the domain. The total induced current around the secondary coil is −0.01675 − 0.02677 ; the imaginary component implies a reactive current. Figure 8 shows the induced current flow in the coils during open circuit case.
Calculating the Inductance of a Spiral
Coil. In this analysis, COMSOL Multiphysics is used to solve the magnetic fields surrounding the coil that is placed in electrical circuit and calculate the inductance of the coil. In some cases the analytic approach could be difficult and with increasing complexity of geometries of some coils these are sometimes quite difficult to calculate [4] . The use of finite element method can be a good alterative of solving such problems. The aim of the research is to calculate the inductance of the coil. spacing of turns is = 1 mm; section of wire is × ℎ = 5 × 0.8 mm.
Coil Parameters. Number of turns is

Coil
Model. Geometry of this study is created in 2D axisymmetric space dimension-AC/DC module. For simplicity and initial testing a circular spiral coil is considered. Figures 9 and 10 show topology and the spiral coil models, respectively. Because the coil is created in 2D axisymmetric space dimension, the model is simplified and the coil is created with nine circles. Geometry consists of 10 domains, one air domain surrounding the coil and the remaining are coil domains.
The coil material is selected as carbon fiber with conductivity = 8.5 7 S/m. Coil is driven by DC current 0 = 20 A. Inductance of the coil is calculated from total magnetic energy created by current passing through the coil using the following formula:
where is total magnetic energy, is inductance of coil, and 0 is DC current. 
Simulation
Results. Total magnetic energy is 10.534 − 4 J; inductance of coil is 5.26 H. Figure 11 shows the magnetic flux density distribution of the spiral coil and the magnetic field is strongest in the middle of the coil and decreases with increasing radius of coil. Figure 12 shows the magnetic flux density contour, which clearly shows the strongest field in the middle of the coil. After this small signal analysis it is confirmed by the author that the carbon fiber material could be used for future fabrication of inductor.
Rectangular Spiral Inductor Model Analysis
For the final implementation a rectangular spiral inductor has been selected since it is a well studied topology and most of the on-chip applications use the rectangular spiral inductor. As a first step a spiral inductor model has been considered for analysis using HFSS in order to determine the value of inductance and factor.
A spiral carbon fiber coil of 2.5 turns is modeled using HFSS with thickness of 2 m and metal width of 4 m as shown in Figure 13 . The inductor is located on an oxide layer with thickness of 8 m on a 10 Ω cm silicon wafer of thickness 200 m. The conductivity of carbon fiber is 8.5 × 10 7 Siemens/m. Rectangular wave ports have also been assigned during the simulation. Radiation boundary is applied as shown in Figure 14 to the spiral inductor. The excitation is assigned as wave port for the inductor model as shown in Figures 15 and 16 . The simulation of the spiral inductor model has been carried out in the frequency range of 1-5 GHz. The sweep type is chosen as discreet and the frequency sweep type that is selected is linear step.
Simulation
Results. The quality factor of the inductor is simulated with respect to the frequency and is plotted in Figure 17 . The range of lies between 24.10 and 24.45 for the frequency range of 1-5 GHz. The simulated magnitude of impedance lies between 950 and 600 over a frequency range of 1 to 10 GHz. However the quality factor and the impedance fall at high frequencies; comparing with copper material both these factors are improved to a certain extent. The range of inductance is found to lie between 0.11097 and 0.11135.
Spiral Inductor Fabrication
The proposed model is based on using the silicon wafer as an on-wafer test-fixture with the carbon fiber embedded on it using the adhesive silver paste. Silver paste is a conductive solder paste which has excellent resistivity, good soldering ability and adhesion strength. The paste has good adhesion to glass, plastics, and dielectrics. The spherical ultra fine silver powder is readily dispersible in multiple base formulations. Inductor model has been designed by using silver paste as an adhesive to implant the fiber on the wafer. But the binding of the fiber on the base material was not strong enough which ruled out the possibility of using silver paste to design the inductor. The authors have used silver paste to make the fabrication as cost effective. The intention of this research was to test whether the fiber material could be used for inductors. The nickel coated flexible fibre bundle with the diameter 0.15 mm has been used in this fabrication where the diameter of each strand was 150 um. The fabricated low cost inductor is shown in Figure 18 . 
Measurements and Testing
The S-parameters were measured with the help of an HP8510C network analyzer and a corresponding cascade Microtech ground-signal-ground probing station in the frequency range of 0.1 GHz to 1.5 GHz. Dummy pads were designed to extract the parameters of the designed inductor. The parasitic parallel capacitance and the series contact resistance between the substrate and the contact pads of the inductor are deembedded via the dummy patterns and the measured S-parameters are then transformed to Yparameters from which the inductance and the quality factors are calculated using the following equation and this is shown in Table 2 :
Re al (1/ 11 ) ,
Conclusion
In this paper we proposed a low cost carbon fiber inductor. The spiral inductor designed by embedding the carbon fiber on a silicon wafer has been fabricated and tested. The device is fabricated with ultra low cost since carbon fiber material is much cheaper. In addition to this a low cost fabrication is also employed in this work. The fabricated device produces a maximum factor of 40.5 at 1.2 GHz. The self-resonant frequencies are above 10 GHz, which are above the range of the network analyzer used. The self-resonant frequencies are predicted to be in the range of 20 GHz-30 GHz, and with these self-resonant frequencies the proposed inductor can be used for high frequency applications since the energy loss is low. Further, the analysis in extracting the equivalent circuit parameters is expected. Also with further improvements in the fabrication the inductance could be increased at high frequencies above 5 GHz. Better fabrications will definitely improve the characteristics of the inductor.
